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ABSTRACT: An image analysis system is proposed for the assessment of hip osteoarthritis (OA)
severity. Sixty four hips (18 normal, 46 osteoarthritic), corresponding to 32 patients of unilateral
or bilateral hip OA were studied. Employing custom developed software, 64 Region Of Interest
(ROI) images of Hip Joint Spaces (HJSs) were delineated on patients’ digitized radiographs. The
Fourier spectrum of each HJS-ROI was computed and expressed in polar coordinates. Spectral
signatures, quantifying the radial and angular distribution of HJS spectral energy were formed.
Signature descriptors were generated and utilized in the design of a two-level hierarchical decision
tree, used for the grading of the severity of the disease. Accordingly, at Level 1, implemented
by a multiple classifier system, the discrimination between normal and osteoarthritic hips was
performed. At Level 2, the hips that had been successfully characterized as osteoarthritic at Level
1, were further characterized as of “Mild / Moderate” or “Severe” OA, by the Bayes classifier. A
signature descriptors based regression model was designed, so as to quantify OA-severity. The
system graded OA reliably, given that the accomplished classification accuracies for Level 1 and
Level 2 were 98.4% and 100%, respectively. OA-severity values, expressed by HJS-narrowing,
correlated highly (r=0.9, p<0.001) with values predicted by the model. The system may contribute
to OA-patient management.
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1 Introduction
Osteoarthritis (OA) represents one of the most frequent causes of disability, pain, and joint dys-
function in adults [1]. Imaging evaluation of OA relies mainly on plain radiography [2]. The ra-
diographic signs of hip OA comprise Hip Joint Space (HJS) narrowing, formation of osteophytes,
subchondral bone sclerosis, subchondral cysts, and abnormalities of bone contour [1]. Grading
of radiographic severity of hip OA is mainly relying on qualitative scales [3]. The Kellgren-
Lawrence (KL) scale has been the most widely used, providing five categories of OA-severity:
normal (KL=0), doubtful (KL=1), mild (KL=2), moderate (KL=3), and severe (KL=4) [4]. Quan-
titative estimation of OA severity concerns measurements of radiographic HJS parameters, such as
HJS-area or HJS-width [5].
In previous studies performed by our group, the texture as well as the shape of radiographic
HJS have been utilized for the assessment of OA alterations of the hip joint [6]–[13]. However, to
the best of our knowledge, the potential value of the spectral energy distribution of radiographic
HJS as diagnostic information relevant to the OA condition has not been previously investigated.
In the present study, a computer-based image analysis system is proposed for the assessment
of hip OA severity. To this end: (i) quantitative descriptors of the Fourier spectrum of radiographic
images of HJS were generated, and (ii) these descriptors were used for the design of a classification
system as well as of a regression model, used for the grading and the quantification of hip OA-
severity, respectively.
2 Materials and methods
2.1 Clinical sample and radiographic images
The sample comprised 64 hips (18 normal, 46 osteoarthritic) of 32 patients of unilateral (18) or
bilateral (14) hip OA. For each of them a digitized pelvic radiograph was available. The severity of
OA was graded by each of three orthopaedists, employing the KL scale [4]. Accordingly, hips were
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Figure 1. (a) Determination of the Hip Joint Space (HJS) Region Of Interest (ROI). O: centre of femoral
head, r: highest point of homolateral sacral wing. On: line drawn automatically at 450 to Or.
Figure 2. (a) Hip Joint Space Region Of Interest, corresponding to figure 1, and (b) its Fourier spectrum.
allocated into the following major OA-severity categories: “Normal (18 hips)”, “Mild / Moderate
(16 hips)”, and “Severe (30 hips)”. For each patient two Regions Of Interest (ROIs), corresponding
to the HJSs of both hips, were determined, employing custom developed algorithms in Matlab
(The MathWorks Inc., Natick, USA). The whole procedure comprised the following steps: (i)
enhancement of radiographic contrast by the Contrast-Limited Adaptive Histogram Equalization
method [14], (ii) formation, on the basis of patient’s standard anatomical landmarks, of an acute
angle of 450, encompassing the HJS-ROI [5] (see figure 1), and (iii) manual delineation of the
articular margins.
2.2 Spectral energy distribution analysis
The spectral energy distribution of radiographic HJS was analyzed according to the following steps:
(i) calculation of the Fourier spectrum of each of the HJS-ROI images (see figure 2),
– 2 –
2009 JINST 4 P08005
Figure 3. Spectral signatures: (a) S(r) and (b) S(θ), corresponding to the Region Of Interest of figure 2.
(ii) expression of the Fourier spectrum in polar coordinates, S(r,θ), where S represents the
spectrum function, while r and θ stand for the radius and angle variables of the aforemen-
tioned coordinates system. Thus, for each direction θ , S(r,θ) may be considered as a one-
dimensional (1-D) function Sθ (r). Similarly, for each radius (frequency) r, S(r,θ) may be
considered as a 1-D function Sr(θ),
(iii) generation of the spectral signatures S(r) and S(θ) (see figure 3), quantifying the radial and
angular distribution of HJS spectral energy [15], according to the equations:
S(r) =∑piθ=0 Sθ (r) (1) and S(θ) =∑
R
r=1 Sr(θ) (2),
where R represents the radius of a circle, centred at the origin of the spectrum,
(iv) normalization of the spectral signatures to the region [ 0, 1 ] (see figure 3) and generation of
the following descriptors from each of them: f 1s: mean value, f 2s: variance, f 3s: skewness,
f 4s: kurtosis, f 5s: range, f 6s: minimum value, f 7s: 1− f 1s, f 8s: position of the minimum
value of signature, f 9s: position of the maximum value, where s: radial or angular, indicating
the radial and angular spectral signature S(r), S(θ), respectively. Thus, each HJS-ROI was
represented by a pattern vector comprising 18 signature descriptors in total. All features
were normalized to zero mean and unit standard deviation [16].
2.3 Design of the classification grading system
A classification system was designed for the computer-based grading of hip OA-severity. The
system was structured as a two-level hierarchical decision tree (see figure 4). At the first level the
discrimination between normal and OA hips was performed by a multiple classifier system [17].
The latter was implemented by the suitable combination, according to the Majority Vote principle,
of the: (i) Bayes, (ii) k-Nearest Neighbor, and (iii) Probabilistic Neural Network classifiers [16,
18]. At Level 2, the hips that had been successfully characterized as OA at Level 1, were further
discriminated as of “Mild / Moderate” or of “Severe” OA, by the Bayes classifier. At both levels
of the tree, the classifiers were designed employing the generated signature descriptors. In order to
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Figure 4. Hierarchical decision tree. Discrimination between: (i) normal (N) and pathological (P) hips
at Level 1, and (ii) hips of “Mild / Moderate” (M) and “Severe” (S) osteoarthritis at Level 2. HJS: Hip
Joint Space.
determine the feature combination providing the highest classification accuracy with the minimum
number of features, the exhaustive search procedure was followed in conjunction with the leave one
out performance evaluation method. Classification performance was expressed in terms of overall
accuracy [16].
2.4 Quantification of hip osteoarthritis severity
A regression model was proposed for the quantitative assessment of hip OA severity. Specifically,
for each of the 18 patients of unilateral OA:
(i) OA severity was expressed in terms of the difference between the area of radiographic HJS
(HJSA) of the osteoarthritic (HJSAp) and contralateral normal (HJSAn) hip:
OA severity(%) = 100 · HJSAn−HJSAp
HJSAn
(2.1)
Thus, OA severity(%) takes values between 0 and 100, expressing the percentage reduction
of the area of HJS due to OA (HJS-narrowing).
(ii) Utilizing multiple linear regression analysis [19], a multivariate model of signature descrip-
tors was generated using the “Matlab Statistics Toolbox”. Following multiple trials for dif-
ferent combinations of the generated descriptors, the f 4radial and f 8angular descriptors of the
pathological HJS-ROIs were found to give best fit. Thus, they were employed as the indepen-
dent variables of the model, while the OA severity(%) was used as the dependent variable.
The regression equation describing the model was:
OA Severiy(%) =−2.17 · f 4radial+0.08 · f 8angular+109.6 (2.2)
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Table 1. Truth table for the discrimination between normal and osteoarthritic hips by the multiple classi-
fier system.
Hip Normal Osteoarthritic Accuracy
Normal 17 1 94.4%
Osteoarthritic 0 46 100%
Overall Accuracy 98.4%
Table 2. Truth table for the discrimination between hips of “Mild / Moderate” osteoarthritis and of “Severe”
osteoarthritis.
Severity Category Mild / Moderate Severe Accuracy
Mild / Moderate 16 0 100%
Severe 0 30 100%
Overall Accuracy 100%
3 Results and discussion
Determination of HJS-ROIs was reliable in terms of intra-observer and inter-observer reproducibil-
ity, since the corresponding Coefficient of Variation (CV) values were found 3.3% and 4.1%, re-
spectively. In addition, descriptor values calculated from repeatedly determined HJS-ROIs did not
differ significantly (Student’s paired t-test, p > 0.05). Statistical analysis revealed the existence of
statistically significant differences (p < 0.001) between normal and OA hips for the spectral signa-
ture descriptors. Since: (i) OA causes biochemical alterations concerning both the cartilage and the
bone tissues of the joint [1], and (ii) the region of HJS corresponds to the radiographic projection
of the superimposed 3-D anatomical structures of articular cartilage, posterior acetabular wall and
iliac bone, OA is expected to induce the differentiation of the spectral energy distribution within
radiographic HJS.
Regarding the discrimination between normal and OA hips, the multiple classifier system ac-
complished an overall accuracy of 98.4%, by characterizing properly 63 out of 64 hips of the
sample (table 1).
The classification results concerning the discrimination between hips of Mild / Moderate and
Severe OA are presented in table 2. The Bayes classifier labelled properly all the hips that had been
successfully characterized as OA at Level 1.
Considering the relatively high classification scores accomplished by the decision tree, the
proposed classification system could be characterized as reliable, with potential contribution in the
objectification of the grading of hip OA severity.
In an effort to establish means for the quantitative estimation of OA severity, a multivariate
regression model is proposed by the present study (see equation 4). The graphical representation of
equation 4 describing the model is depicted in figure 5. A regression plane accomplished adequate
fit to the data. Regression quality was satisfactory, since strong and significant correlation (r =
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Figure 5. Scatter diagram and regression surface of the multiple regression analysis model for quantitative
estimation of osteoarthritis (OA) severity.
0.9, p < 0.001) was observed between the measured OA severity(%) values (see equation 3) and
the corresponding ones predicted by the model (see equation 4). Additionally, the two sets of
OA severity(%) values were found not to differ significantly (p > 0.05).
In conclusion, OA alterations of the hip joint induce the differentiation of the spectral con-
tent of radiographic images of HJS. The proposed classification scheme discriminated successfully
among OA severity categories, while the introduced regression model quantified reliably the sever-
ity of the disease. The proposed system may be of value to OA patient management.
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